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INTRODUCTION 

The following r epor t  d e t a i l s  t he  accomplishments of  t h e  

grant  during t h e  period of June 30, 1969 through Ju ly  1, 1970, 

The a e c t i v e s  of  t h e  o r i g i n a l  proposal d e a l t  wi th  attempts 

t o  generate measureable q u a n t i t i e s  of r a d i c a l s  obtained by 

hydrogen abs t r ac t ion  from imidazole and r e l a t e d  heterocycl ics .  

Theoret ical  ca lcu la t ions  w e r e  t o  be d i r ec t ed  towards determin- 

ing the  e l ec t ron ic  s t ruc tu res  o f  such r ad ica l s ,  In  addi t ion  

some e f f o r t  was t o  be d i rec ted  towards determining the  r o l e  

of geometrical  d i s t o r t i o n  on the  energies of t he  ground and 

exci ted s ta tes  of l a r g e  organic moleculeso 

of t h i s  y e a r ' s  research e f f o r t  lie almost e n t i r e l y  i n  the area 

of  t h e o r e t i c a l  treatment o f  heterocycl ic  radicals e 

The accomplishments 

To date, 

no r a d i c a l  of imidazole, o r  r e l a t e d  he te rocycl ics  have been 

detected 

Besides the p r inc ipa l  inves t iga tor  (E, M. Evleth) ,  two 

add i t iona l  inves t iga tors  have been working on t h i s  problem, 

In  September o f  1969, D r ,  S. Chang came t o  Santa Cruz as a 

postdoctoral  researcher  t o  work on t h e  experimental problem 

of r a d i c a l  generation, I n  addi t ion,  M r .  T, S o  Lee completed 

his  Master of Science t h e s i s  i n  t h e  area of  spin dens i ty  cal- 

cu la t ions  e H i s  t h e s i s ,  "Spin Density Calculations f o r  Hetero- 

cyc l i c  Radicals Using Annihilation Operator t o  the  Unrestr ic ted 

Kartree-Fock Wave Function", w a s  completed i n  June of 1970, 

i n  cooperation with Dr, Paul Horowitz, add i t iona l  ca lcu la t ions  

have been conducted on heterocycl ic  r a d i c a l s  using t h e  INDO 

a l l -valence e lec t ron  approximation, 

I 
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During the  year one paper, "Photophysical and Photo- 

chemical P r o p e r t i e s  of S t e r i c a l l y  Hindered Aryldiazonium 

S a l t s " ,  w a s  published (with R. J, Cox and Pa Bushnell), 

Tetrahedron L e t t e r s ,  207, (1970) ,  This paper r e su l t ed  

$.L.w~& W ~ F L  ~ ~ ~ ~ i ~ ~ ~ ~ ~ l ~ ~ ~  &;upin8 ehe ~Y@VLD.L~S y a a ~  ai! $ha 

grant  e Another paper ,  "Quantum Nechanically Based Rules 

f o r  Thermal and Photochemical Reaction", i s  i n  press, 

The following r e p o r t  i s  broken i n t o  th ree  main 

sections,  F i r s t ,  a general  discussion o f  the  purpose of  

the work undertaken. Secondly, a d e t a i l e d  account o f  t he  

t h e o r e t i c a l  ca l cu la t ions  w i l l  be given, Thirdly,  an account- 

ing  of  t h e  e l ec t ron  sp in  resonance measurements w i l l  be 

given, 



-3- 

I A STATEPENT OF PURPOSE 

The main objec t  of *ihe research attempted i s  t o  determine 

i f  t h e  r a d i c a l s  of imidazo.le, indole ,  pyrrole ,  benzimidazole, 

and o ther  r e l a t e d  he te rocycl ics  exist  and t o  determine t h e i r  

e l ec t ron ic  s t ruc tu res ,  All t h e  r a d i c a l s  of interest are 

n e u t r a l ,  r e s u l t i n g  from the  removal of  a hydrogen from t h e  N-ET 

bond i n  these  molecules, 

ber  o f  r a d i c a l  species  have come under experimental invest iga-  

t i o n  using ESR techniques, A vast number of  r a d i c a l  ca t ions  

and r a d i c a l  anions have been generated,  

repuls ion charged r ad ica l s  zre i n t r i n s i c a l l y  more e a s i l y  gen.erated 

i u e o ,  chey dimerize o r  disproport ionate  less e a s i l y  than do 

n e u t r a l  r ad ica l s ,  Neutral  r a d i c a l s  are usua l ly  measured a t  

l o w  temperatures e i t h e r  i n  so lu t ion  o r  i n  t h e  frozen matrix,  

During t h e  pas t  20 years  a l a r g e  num- 

Because of  coulombic 

O f  primary i n t e r e s t  here  i s  t h e  r a d i c a l  imidazoyl (ii) which 

r e s u l t s  from the  breaking of  the  N-H bond i n  imidazole (I), 
The r a d i c a l  (XI) i s  proposed as an intermediate i n  oxidat ive 

I 
imidazole imidazoyl 

phosphorylation, 

i n  generating adenosine tr iphosphate,  the main energy source in 

bio logica l  systems, I n  addi t ion,  imidazole i s  present a t  t h e  

active s i g h t  o f  a number o f  enzyme systems, The possible  

r ad ia t ion  o r  chemical damage of this material may occur through 

Oxidative phoshorylation i s  - t h e  key process 
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r a d i c a l  intermediates,  Thus the study of t h i s  mater ia l  i s  

j u s t i f i e d .  Other possible  heterocycl ic  r ad ica l s  e x i s t ,  

Indole (111) and pyrrole  (IV) u n i t s  are present i n  b io log ica l  

systems as w e l l  as purines (V). Removal of hydrogen from the 

N-H u n i t  w i l l  generate n e u t r a l  r ad ica l s .  

~~~~~~~~~ ~f ehs f y p w  rnanfhzmz?d here a m  r i n ~ + m b ~ r w  ai? 

family o f  r ad ica l s  generated from corresponding hydrocarbons 

cyclopentadiene (VI) and indene (VII) e 

I 
a 
III 

Indo l e  

A 
H H  

VX 
cyc lopentadiene 

H H  

VI1 
Indene 

f 
H 

I V  
Pyrrole 

v 
Purine 

V I R  

r ad ica l s  
cyclopentadienyl 

V I I R  
indenyl r ad ica l  
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With the  exception of  cyclopentadienyl r a d i c a l  (VIR) 

none of  t he  above mentioned r a d i c a l s  have been character ized 

by ESR measurements. Thus the  area i s  a r i c h  one f o r  inves- 

t i g a t i o n .  

II THEOWTICAL INVESTIGATION OF TKE ELECTRONIC STRUCTURES 

OF HETEROCYCLIC RADICALS 

A> Theoret ical  na ture  of t he  Problem of  Spin Density 

Caleulat  ions 

The f L r s t  t h e o r e t i c a l  approaches t o  t h e  ca l cu la t ions  

o f  the  sp in  d e n s i t i e s  o f  neu t r a l  r a d i c a l ,  r a d i c a l  anion, 

an2 r a d i c a l  ca t ion  hydrocarbon species  used t h e  n-molecular 

o r b i t a l s  obtained from the  s imple  Huckel method. 3’4 I n  the  

most c r i t i c a l  case,  t h e  a l l y l  r a d i c a l ,  t h i s  s imple  t h e o r e t i -  

c a l  method p red ic t s  t he  foliowing spin d e n s i t i e s  a t  t he  var ious 
5 carbon atoms 

& 2 0 k 
CH, - CH - CH, 

t h a t  i s ,  t h e  odd e l ec t ron  spends ha l f  of  i t s  time a t  each of 

the terminal carbon pos i t ions .  This s imple  p i c tu re  r e s u l t s  

from the  nodal property o f  t he  second molecular o r b i t a l  i n  

this molecule. Actual experimental da ta  shows t h a t  t he  ap- 

proximate sp in  dens i ty  i s  as follows: 6 

0058 -0,16 0,58 
CH, - CH - CH, 



The conclusion i s  t h a t  t h e  simple molecular o r b i t a l  approach 

i s  inadequate, 

has been explained i n  standard t ex t s .  537 

attempted so lu t ions  of t h i s  problem w a s  t o  use the  u n r e s t r i c t e d  

Hartree-Fock methodO8 This method leads t o  o the r  problems 

The reason f o r  t h e  inadequacy of t h i s  model 

One of the  f i r s t  

i n  t h a t  t h e  wave function obtained f o r  t he  e lec t rons  i s  in  

general  not  an eigenfunction o f  S2, t he  t o t a l  spin operator ,  9,lO 

To overcome t h i s  d i f f i c u l t y ,  two alternate methods can be used, 

One i s  the  so-cal led pro jec t ion  operator  methods '03" and t h e  

o ther  i s  t h e  app l i ca t ion  of  t h e  ann ih i l a t ion  operator,  
13-16 

The f i r s t  method g ives  a wave function which i s  an eigenfunc- 

t i o n  of Sa while the  la t ter  is  only an approximation which 

el iminates  the  most important unwanted component of t he  mul t ip le  

sp in  states. 

theory and procedures of  t h e  l a t t e r  method when appl ied t o  

the calculations of sevem l heterocyclic hydrocarbon radicals e 

It i s  t h e  objec t  of t h i s  work t o  descr ibe the  

The S2 Problem 

I n  atoms t h e  sp in -o rb i t a l  i n t e rac t ions  are assumed weak 

so  t h a t  t h e  Russell-Saunder's coupling i s  a j u s t i f i e d  approxi- 

mation.' 

z-axis i s  a sum of  con t r  

I n  a many-electron system, 

The component of t he  t o t a l  sp in  momentum along the  

t i ons  by t h e  ind iv idua l  e lec t rons ,  

z j  
s, = cj s 

where S i s  t h e  operator  corresponding t o  t h e  z-component 

of spin momentum of t h e  j th  e lec t ron ,  The sp in  function of 

e lec t ron  j must be e i t h e r  a o r  B j  s i nce  the  e lec t rons  are s 
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assumed magnetically independent of one another. 

eigenfunctions,  61. and B j  , s a t i s f y  the  following equations 

separa te ly  with eigenvalues k and ==%, respect ively.  

The two 

J 

szj  aj = %??aj 

szj flj = -%??aj (2b) 

When Sz opera tes  on t h e  t o t a l  wave function, JI t he  following 

equation r e s u l t s ,  

%+ SZ$ = c.s . J r  = c.a.q = J ZJ J J  

where 

and 

cr = kfi o r  
j 

(3) 

(5) 

with p and q being the  numbers of e lec t rons  of a sp in  and of 

,@ spin,  respec t ive ly .  Equation (3)  shows t h a t  JI i s  an eigen- 

function of the  operator ,  S z ,  if + i s  a product of  o r b i t a l s  

of a l l  t h e  e lec t rons ,  

determinant, s ince  i n  t h i s  case,  every term of the  determinant 

i s  a product of o r b i t a l s  of a11 t h e  e l ec t rons ,  

whether t h e  Slater  determinant i s  an eigenfunction of t h e  

It i s  a l s o  t r u e  when JI i s  a Slater 

However, 

operator  S a  o r  not  has t o  be t e s t e d  here. 

can be expressed i n  terms of i t s  components, t h a t  i s ,  

The operator ,  S2 
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sa = s, a + sya  + SZa 

where 

e s = a : c . s  
J z j  

= c .  s x j ;  'y J Y j '  z s, = cj s (7) 

The commutation r u l e s  r equ i r e  t h a t  

z j  S x j  'yj 
'yj S x j  = i h S  

'xj 'yk - 'yk 'xj = o  

are eigenfunctions of S with 
j j 

The spin funct ions a and 

eigenvalue k(k + l ) f i d 9  Hence, 
j 

S j a P j  = (SXj" + Syj2 + Szj2)  $ j  = '4 naBj  

Using Equations (2) , t h e  following equations are obtained, 

(Sxja + S y j a )  fIj = % P b j  

- 
Following D e w a r P 7  t he  two operators ,  cf and (J are defined 

j j 

+ -  
y j  o j  - Sxj + i S 

Y j  
€7 = sxj - i s  3 
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Using these two operators ,  the  operator ,  Sa can be expressed 

as 

by going through some lengthy algebra. When S @  operates  on 

$, a Slater determinant, i t  is found,9 with the  help o f  t;he 

expression given i n  (13), 

where 8 

j th  and kth sp in-orb i ta l s .  

(13), $ i s  i n  general  not an eigenfunction of S a .  

i s  a funct ion obtained from JI by exchanging the j k  a- 

Because of t he  $ 's occurred i n  
j k  

The Annihilation Method 

For systems having the  open-shell configurat ion,  t h e  

r e s t r i c t e d  Hartree-Fock wave function constructed by a s ing le  

Slater determinant fs  inadequate, One sf the many attempts 

t o  improve the  treatment of e l ec t ron ic  s t r u c t u r e s  i s  t h e  

method o f  d i f f e r e n t  o r b i t a l s  f o r  d i f f e r e n t  s p i n e l 3  Pioneer 

workers l i k e  Pople and Nesbet ( 1 9 5 4 ) ,  Lowdin 17y18 (1954, 1955) , 
P r a t t "  (1956) and Hurst, Gray, Brigman and Matsen2' (1958) 

all have contr ibuted t o  the  development of t h i s  method now 

known as un res t r i c t ed  Hartree-Fock wave function. 

a wave Eunction so constructed i s  i n  genera l  not an eigen- 

However, 

function o f  the  operator ,  S a .  It contains components of 

severa l  spins  15 



-10- 

where the  subscr ip t  uhf denotes t h a t  t h e  wave function i s  the 

unres t r i c t ed  Hartree-Fock wave function. The lowest sp in  

component has sp in  s = S~ = %(p - q). 
components are a c t u a l l y  unwanted. Amos and Snyder approxi- 

mated the  t r u e  wave funct ion by quhf by proper treatment such 

as the  el iminat ion of t he  second sp in  component, i , e .  the  

component having a sp in  j u s t  g r e a t e r  than t h e  lowest. 

argument w a s  t h a t  t he  second sp in  component i s  p r a c t i c a l l y  

the  most important contaminating component while a l l  t h e  

o ther  higher spin components are neg l ig ib l e  due t o  higher  

energies,  

All t he  higher sp in  

Their 

The wave function, quhf) can be obtained by the  usua l  

v a r i a t i o n a l  method, minimizing t h e  energy i n  a se l f - cons i s t en t  

f i e l d .  ' Then, an ann ih i l a t ion  operator  i s  defined by 15 

As &+I. = sa - (s8+l) (sL+2) (16) 

When Ast+l  operates  on the  un res t r i c t ed  Hartree-Fock wave 

function, quhf9 it i s  obtained, using Equation (14), t h a t  

- - c,so¶ CS&* ( m - I ) ( 2 ~ '  + m + 2) q S t + ,  

qUhf9 a l s o  

As'.+l quhf 
(17)  

It i s  obvious t h a t  t h e  new wave function,, 

contains severa l  spin components except the  one with s p i n  

s'+l. The S2 problem remains unsolved i f  t h e  cont r ibu t ion  

from the  components of higher spins  i s  important. In  most 

cases,  due t o  the  energy separat ion,  t h e  only important 

contaminating component i n  quhf i s  the  one with sp in  sc+l ,  

i s  t h i s  f a c t  t h a t  makes Che ann ih i l a t ion  method appl icable ,  

It 
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I n  t h i s  paper,  t h e  ann ih i l a t ion  method i s  extended t o  

perform t h e  spin ca l cu la t ions  of c e r t a i n  n e u t r a l  he te rocycl ic  

r a d i c a l s ,  namely, t he  imidazoyl, benzimidazoyl, pyr ry l  and 

purinyl  r a d i c a l s ,  The wave functions of these  systems w e r e  

ccmputnd using the SCF merkod o f  the Br.id<stoclt; and I?~pZt%~s  

approximation2' f o r  unsaturated hydrocarbon ions and r a d i c a l s  e 

The main program w a s  obtained from "Quantum Chemistry Program 

Exchange, This program i s  numbered 76 wi th  the  t i t l e  

Pople Pi-Electron Program,'' A subprogram w a s  added t o  cal- 1 1  

c u l a t e  t he  sp in  and charge d e n s i t i e s  a f t e r  annih i la t ion .  

The l i s t  of t h i s  subprogram i s  given i n  Appendix C, The 

main f ea tu re  of  t h e  Brickstock and Pople's approximation i s  

t h a t  t h e  p i -e lec t rons  are separated from the a-core. 21 This 

separat ion seems to '  be acceptable f o r  t h e  a l t e r n a n t  hydro- 

carbon systems. 
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B) Method of Calculation 

Wave Functions, Charge and Bond Order Matrices 

Electrons of  a - sp in  and of P - sp in  are arranged t o  

occupy two e n t i r e l y  d i s t i n c t  sets of molecular o r b i t a l s .  

The un res t r i c t ed  Hartree-Fock wave function can be w r i t t e n  

as 14 

The individual  o r b i t a l s  i n  ( l 8 ) ,  t h e  $ i t s  and cpi's are 

l i n e a r  combinations of a b a s i s  set, ( w r } .  This b a s i s  set, 

{wr) i s  assumed t o  be orthogonal but  i n  p r a c t i c e  i s  a set  

of t runcated atomic p i - o r b i t a l s  a t  d i f f e r e n t  nuc le i  cen ters .  

Therefore, 

To obtain the  b e s t  choice of t he  c o e f f i c i e n t s  ari and bri, t he  

set o f  s e l f - cons i s t en t  equations developed by Roothaan22 i s  

s a t i s f i e d  separa te ly  by each s e t  of o r b i t a l s ,  q i  and V i e  A s  

has been, mentioned, t h e  Brickstock and Pople's approximation 

f o r  hydrocarbon r a d i c a l s  and ions i s  adopted. 21 The one-center 
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i n t e g r a l s  and t h e  resonance i n t e g r a l s  are parameters as i n  

the  usual  semiempir ica l  ca l cu la t ions  23 

In  order  t o  s implify the  p rac t i ce  of  t he  ann ih i l a t ion  

method, i t  i s  convenient t o  introduce the  charge and bond 

order  matrices, P and Q,  f o r  e lec t rons  of sp in  a and spin B ,  
re spec t i v e  ly 

- P i': a 
'rs - 'i-1 ari s i  

The charge and sp in  densi ty  functions before  ann ih i l a t ion  

for t h e  determinant, quhf are defined respec t ive ly  as 14 

First-Order Density Matrix 

After  t he  operat ion of t h e  ann ih i l a to r ,  the  wave funct ion 

becomes Ast+l$uhfe 

dens i ty  matrix f o r  computing the  sp in  and charge dens i t i e s .  

It i s  des i r ab le  t o  obta in  the  f i r s t - o r d e r  

By f i r s t - o r d e r  densi ty  matrix,  it i s  meant t h a t  when the  matrix 

i s  mult ipl ied by a volume element, dv,, i t  equals the  number 

of p a r t i c l e s  multiplying the  

within the  volume dv, around 

when a l l  the  o ther  p a r t i c l e s  

Mathematically, ch i s  densi ty  

p robab i l i t y  of f inding a p a r t i c l e  

t h e  point  y x  having t h e  spin s1 

have a r b i t r a r y  pos i t ions  and spins 24,25 

matrix can be expressed as 



I 

M2 = JAs L+l$uhf"CAs l+l$uhfdvl a * d v ~  (23) 

From equations (14) and (16) the  ann ih i l a t ion  operator  can 

be found to be 

= sa - ( s  '4-1) ( s  '+2) As '+l 

a @  s = A + Ci C. pis 
J 

wi th  

The operator  P.. 
33 

o r b i t a l  and t h e  j th  B - spin o r b i t a l ,  

interchanges the  sp in  of the ith a - sp in  

Amos and Snyder 15916 proved that a u n i t a r y  transformation 

of the  o r b i t a l s  {ai> and {vi} i n  Equation (18) leaves quhf 

unchanged s ince  it i s  a determinant. It i s  convenient t o  t r ans -  

form these  o r b i t a l s  i n t o  t h e  so-called corresponding o r b i t a l s  

which have the property 
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where xi and 77 

f o r  a - sp in  and f o r  p - spin.  They a l s o  pointed out t h a t  

the  matrices P and Q a r e  invar ian t  under such transformation, 

The statement l3'I5 given i n  t h e i r  papers t h a t  Ti2 a r e  eigen- 

values of  the t w o  matr ices ,  PQP alnd QPQ seems t o  be a misprint  

since i n  general  

a r e  respec t ive ly  t h e  corresponding o r b i t a l s  
j 

A proof t h a t  Tia are eigenvalues of PQ and QP i s  given i n  

Appendix A, 

To c a l c u l a t e  y ( I r ,  1) aa9 the dens i ty  matrix, it i s  

necessary t o  evaluate  t e r m s  of t he  form 

where Ji 
The r e s u l t i n g  equations are l i s t e d  as follows: 15 

has been transformed i n t o  corresponding o r b i t a l s  e uhf 
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- Ti>?( 1 ") xi( 1) Ti( 3.-T. ") - xi>?( 1 ') Ti( 1) (1-T. ") 
J 3 

+ C.esi,J -qq,Lik(l ') T & ( l )  (1-T J ") (1-T. J ") 

Only terms multiplying e 7 k ( l J ) > ( l )  a r e  included so t h a t  t h e  

r e s u l t s  g ive  the  densi ty  of t he  f? - sp in  e lec t rons ,  S i m i l a r  

r e s u l t s  f o r  a - sp in  e lec t rons  can be obtained merely by 

replacing qr by xr and xr by qr when they appear i n  (28), 

Some misprint  found i n  Amos and Snyder's'' o r i g i n a l  paper has 

been cor rec ted ,  The der iva t ions  of some of the  formulas 

a r e  given i n  Appendix Be 

Equations (28) allow the  densi ty  m a t r i x  ~ ( 1 ~ ~ 1 ) ~ ~  t o  be 
15 wr i t t en  as 
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J and K Matrices 

Since the  corresponding o r b i t a l s  are w r i t t e n  i n  terns 

of  a bas i s  s e t ,  each of the  terms i n  Equations (28) can be 
* 15 w r i t t e n  as 

1 
where t h e  [ijlktj depend only on the c o e f f i c i e n t s  {ari} and 

{bri). 
matrix can be expressed i n  terms of two matrices,13 J and K, 

Using Equations (30) and (31), the f i r s t - o r d e r  dens i ty  

13 The r e l a t i o n s  between 5,  K and P, Q are found t o  be 



M2 5 = {Aa -2AtrPQS-pq-q-NTrPQ-t3TrPQ+ZTr2 PQ- 2TrPQPQ)P 

i- 4PQPQP (33) 

By interchanging P ' s  and Q ' s  and p ' s  2nd q ' s ,  the  similar 

formula for M2X i s  obtained. The normalization c o n s t a t  Ma 

expressed i n  terms o f  P and Q i s  now 

M2 = A2 - 2ATrPQ+pq -NTrPQ+2TrPQ+2Tr PQ - 2TrPQPQ 
15 The spin dens i ty  on atom i i s  then given by 

and the  charge dens i ty  i s  

i -  - Jii i- Kii 
qaa 

( 3 4 )  

The Expectation of S2 

The quant i ty  {Sa)aa i s  t o  measure t o  what extent  t h e  wave 

function contains  o the r  spin components, It i s  therefore  

des i r ab le  t o  compute t h i s  quant i ty  i n  order  t o  t e s t  the  adequacy 

of the  approximated wave function, The formulas a r e  given 

below: 15 
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where 

- (2B + N - 2) TrPQ (399. 

(S6 )sd  = B3+Bpq+pq(2B-tN-2) - (3B2+3B(N-2)+(N-2)2+pq 
1 

+4 (p-1) (q- 1)}TrPQ+2{ 3B+3N-10}[ T r 2  PQ-TrPQPQJ 

-6{Tr3 PQ=3TrPQTrPQPQ+2TrPQPQPQ) e (40) 

with 

B = s'(s'+l) + q (41) 

I n  Amos and Snyder's paper,15 t h e  l e t t e r  A w a s  used i n  those 

equations ins tead  of using the  l e t te r  Be 

fusion s ince  A has a l ready been defined in  Equation (25) and 

i s  not t he  same as B defined i n  Equation (41). The v a l i d i t y  

of Equation (41) can be e a s i l y  seen from Equation (14). 

Discussion of t he  ,Method 

This may cause con- 

b 

Although t h i s  method has been adopted he re  f o r  ca lcu la-  

t i n g  the  sp in  d e n s i t i e s ,  t he  v a l i d i t y  of t h e  ann ih i l a t ion  a f t e r  

energy-minimization i s  s t i l l  questionable,  Hiroshi  Nakatsuj i, 

Hiroshi K a t 0  and T e i j  i r o  Yonezawa26 have r ecen t ly  analyzed and 

in t e rp re t ed  i n  conf igura t iona l - in te rac t ion  language by means 

of t h e  n a t u r a l  o r b i t a l s  of the tuhf,  includes only one type 

of t h e  s ing ly  exc i ted  configurat ions and thus the  c o r r e l a t i o n  

e f f e c t  included are very l imi ted  ones as compared with t h e  

usua l  configurat ion i n t e r a c t i o n  treatment. Also, t he  weight 
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of  the  lowest contaminating sp in  function, included i n  the  

u n r e s t r i c t e d  Hartree-Fock wave funct ion decreases with in- 

creasing sp in  m u l t i p l i c i t y .  A s  f a r  as t h e  decreasing weight 

of t he  lowest contaminating sp in  funct ion is  concerned, t he  
9 u n r e s t r i c t e d  Hartree-Fock wave funct ion a f te r  ann ih i l a t ion  

i s  s t i l l  s u i t a b l e  f o r  t h e  purpose here  since a l l  r a d i c a l s  

t r e a t e d  i n  t h i s  paper have a sp in  %e 

The f i n a l  formulas used i n  t h e  program are the series 

of equations from (33)  t o  (41). The der iva t ions  of a l l  

these  formulas are based on two main assumptions, namely, 

t h e  orthonormality of the b a s i s  set and the  transformation 

p o s s i b i l i t y  of t he  molecular o r b i t a l s  i n t o  corresponding 

o r b i t a l s .  However, i n  p rac t i ce ,  t he  b a s i s  set is taken 

from the  set of pi-atomic o r b i t a l s  a t  var ious centers  which 

are not orthogonal. Also t h e  u n r e s t r i c t e d  Hartree-Fock 

o r b i t a l s  are a c t u a l l y  used i n  ca l cu la t ions  ins tead  of using 

the  transformed corresponding o r b i t a l s .  

ca l cu la t ion  only P and Q are involved and they are invar ian t  

under transformation as s t a t e d  above, t he  use  of u n r e s t r i c t e d  

Hartree-Fock o r b i t a l s  i s  j u s t i f i e d .  On the o the r  hand, t h e  

overlapping between any two members i n  t h e  b a s i s  set i s  i n  

general  n e g l i g i b l e  and hence t h e  set can be p r a c t i c a l l y  t r e a t e d  

as an orthogonal set, 

Since i n  the  
* 
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C) n-Electron Calculations 

F i r s t  of a l l ,  an independent program w a s  w r i t t e n  f o r  

ca l cu la t ing  the  sp in  and charge d e n s i t i e s  a f t e r  ann ih i l a t ion  

using Amos  and Snyder's formuTa described above, 

Coeff ic ien ts  of molecular o r b i t a l s  w e r e  given t o  t he  program 

as input. The r e s u l t s  f o r  a l l y l  and pentadienyl r a d i c a l s  

proved t o  be i d e n t i c a l  as given i n  Amos and Snyder's paper, 

15 

Having been proved co r rec t ,  t h e  independent program 

w a s  then made a subroutine of t he  main program, Pople p i -  

e l ec t ron  program, which allows one t o  ob ta in  the  sp in  and 

charge d e n s i t i e s  of planar  r a d i c a l s  using geometrical  co- 

ord ina tes  as input.  This program generates  a set of simple 

Huckel molecular o r b i t a l s  as t r i a l  wave funct ions and then 

gives  t h e  se l f - cons i s t en t  f i e l d  molecular o r b i t a l s  through 

i t e r a t i o n .  

Allyl Radical 

The a l l y l  r a d i c a l  was  used again as a test  of t he  

combined program. The ion iza t ion  p o t e n t i a l  and t h e  one- 

cen te r  i n t e g r a l  f o r  carbon atom w e r e  chosen t o  be 10.98 ev 

and 11.08 eve,  respec t ive ly ,  27,28 The resonance energy which 

i s  a parameter known as the  B-integral  w a s  var ied ranging 

from -2.0 ev t o  -3,O ev. 

being 1.4A each. 

Bond lengths were set i d e n t i c a l ,  

The r e s u l t s  are shown i n  Table I. 

In  general ,  t h e  v a r i a t i o n  o f  t h e  - i n t e g r a l  does not 

a f f e c t  t he  charge and sp in  d e n s i t i e s  s i g n i f i c a n t l y ,  

expectat ion of  S2 a f t e r  ann ih i l a t ion  keeps unchanged, giving 

The 

a value of 0,75 each t i m e .  This can be r a t i o n a l i z e d  f o r  t h e  

following reason. 
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For allyl r a d i c a l ,  q = 1 and Equation (14) becomes 

The app l i ca t ion  of  ann ih i l a t ion  el iminates  the  second term 

leaving 

Equation ( 4 3 )  shows t h a t  t he  wave funct ion now i s  a pure sp in  

mul t ip l e t  and the  expectat ion of S a  is  of course %(% + l), 
o r  Oe75, 

Pentadienyl Radical 

I n  order  t o  see t h e  effect of t he  $ - i n t e g r a l  v a r i a t i o n  

t o  the  expectat-ion of Sa f o r  cases  where t h e  wave function' 

a f t e r  ann ih i l a t ion  contains  higher spin-components, t he  c a l -  

cu la t ion  f o r  pentadienyl r a d i c a l  was  c a r r i e d  out and t h e  

r e s u l t s  are shown i n  Table 11, I n  t h i s  case,  t he  expectat ion 

of  Sa shows a very s e n s i t i v e  dependence on the f4 - value chosen, 

It i s  possibly due t o  the mixing of  higher  spin-components, 

For t h i s  s y s t  - 
% 

s 

2 and 
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After  ann ih i l a t ion ,  t h e  wave function becomes 

pent= c1 q1 + c g  $5,  *uhf 
2 ' 2  2 2  

( 4 4 )  

and the  expectat ion Sa i s  an average of two spin-components. 

From Table IS, it i s  clear that  by varying the B 
i n t e g r a l ,  t h e  re la t ive weight of each spin-component, i, e., 

t he  r a t i o ,  C5/CI, i n  t h e  pentadienyl case changes and t h e  

expectation of Sa varies. 

expected i n  every case  where the  r a d i c a l  has a q g r e a t e r  than 

' 2 7  
I n  general  the same e f f e c t  i s  

uni ty .  

Furthermore, it i s  found t h a t  a l a r g e r  absolute  p - value 

always g ives  a smaller value of The i n t e r p r e t a t i o n  

f o r  t h i s  observation may be t h a t  t he  s t ronger  i s  the  i n t e r -  

ac t ion  among atoms, t h e  b e t t e r  is  the  s t a b i l i z a t i o n  of t h e  

system as a whole. Since t h e  f i r s t  spin-component corresponds 

t o  a state of lower energy, t he  l a r g e r  absolute  value o f  ,El - 
i n t e g r a l  tends t o  increase t h e  weight of  t h e  lower sp in  state, 

Nevertheless t he  s e n s i t i v i t y  of (Sa)aa t o  f3 - v a r i a t i o n  is 

ind ica t ive  t h a t  s i n g l e  ann ih i l a t ion  may be unsa t i s fac tory .  
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Table I 

Spin Densi t ies  of A l ly l  Radical 

Atom 1 Atom 2 

$ -2 ,4 EW 0.57111 -0.14221 0.75 

-2.6 0 e 56416 -0.12832 0.75 

-2.8 0 e 55804 -0,11606 0,75 

-3.0 0 e 55304 -0.10606 0 - 7 5  

Amos & Snyder15 0.547 -0.093 0.75 

Experiment a1 ti 0.58 -0.16 _- 

Table I1 

Spin Dens i t ies  of Pentadienyl Radical 

Atom 1 Atom 2 Atom 3 (Sa)aa 

p = -2.0 ev 0.47131 -0,16851 0.39440 1,08253 

-2.4 0,44836 -0.14321 0 ,38971 0,88023 

-2,6 0043563 -0,13012 0.38900 0,83026 

-2,8 0.41956 -0,11558 0,39205 0,79564 

-3.0 0,41091 -0.10587 0,38994 0.78027 

Amos & Snyder l5 0,383 -0,094 0.422 0.73938 

, Experimental 0,349 -0 . 103 0 506 
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Heterocyclic Radicals 

The p i -e lec t ron  and sp in  dens i ty  ca l cu la t ions  f o r  the  

heterocycl ic  r a d i c a l s  imidazoyl (11), pyr ry l  (IVR), in-  

do ly l  ( I I IR) ,  carbazyl  (VIIIR), benzimidazoyl (IXR), and 

purinyl  (VR) are shown, respec t ive ly ,  i n  Tables 1161 through 

V I I I .  The p i -e lec t ron  ca l cu la t ions  w e r e  conducted using the  

Open-Shell Program No. 76 from the  Quantum Chemistry Program 

Exchange, Indiana University.  The program computes t h e  two 

centered repuls ion i n t e g r a l s  using the  Mataga approximation. 

The ni t rogen and carbon ion iza t ion  p o t e n t i a l s  w e r e  assigned 

27 

values o f ,  respec t ive ly ,  14.63 and 11.08 ev. The one cen- 

te red  i n t e g r a l s  f o r  t he  same atoms w e r e  set  a t ,  respec t ive ly ,  

12.27 and 10.98 ev. 

l i s t e d  i n  the  Tables. Some v a r i a t i o n  of these  parameters 

The C=C and C=N resonance i n t e g r a l s  are 

w e r e  t e s t e d  and t h e  r e s u l t s  are a l s o  l i s t e d  i n  the  Tables. 

None of these  materials have been detected by ESR measure- 

..# 

IVR I I I R  V I I I R  

IXR VR 

ments. The ESR spectrum of both te t raphenyl  pyrry128 and 

triphenylimidazoylzg r a d i c a l s  have been reported but  they 

are too complex for d e t a i l e d  ana lys i s  and only remotely 

! 
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r e l a t e d  t o  the  problem presented here .  However, the  calcu- 

l a t i o n s  themselves have some i n t e r e s t i n g  fea tures  and these  

w i l l  now be discussed i n  order.  

a) pv r r y l  Radical (IVR, Table 111). The p i -e lec t ron  

ca l cu la t ion  ind ica t e s  t h a t  t h i s  r a d i c a l  should have near ly  

zero sp in  dens i ty  ( t h e  sp in  dens i ty  being t h e  d i f fe rence  

between t h e  e l ec t ron  dens i ty  f o r  alpha and be ta  p i -e lec t rons  

a t  t he  atom being discussed) .  This near ly  zero sp in  dens i ty  

r e s u l t s  not from e l ec t ron  n e g a t i v i t y  f a c t o r s  but from the  

symmetry of t h e  py r ry l  r ad ica l .  I n  t h e  closed shell c2v 
approximation t h e  highest  molecular o r b i t a l  would be a n t i -  

symmetric with respec t  t o  a symmetry operat ion which r e f l e c t s  

the  molecule through the  plane of symmetry passing through 

the  n i t rogen  atom but  perpendicular t o  the  plane of t h e  mole- 

cule .  Such a molecular o r b i t a l  would have zero sp in  dens i ty  

a t  t he  ni t rogen atom. In  t h e  open s h e l l  approximation t h e  

alpha and be ta  e l ec t rons  are re lega ted  t o  d i f f e r e n t  molecular 

o r b i t a l s  and negat ive sp in  d e n s i t i e s  are computed. The case 

of py r ry l  i s  somewhat s i m i l a r  t o  t h e  previously discussed of 

a l l y l  r a d i c a l  ( i n  which the  closed s h e l l  ca l cu la t ion  p red ic t s  

zero sp in  dens i ty  a t  the  c e n t r a l  carbon atom). However, as 

seen from inspecting Table 111, the  sp in  d e n s i t i e s  do not 

dramatical ly  change wi th  ann ih i l a t ion .  The expectat ion value 

of (S2) i s  near ly  0.75 ind ica t ing  the  ca l cu la t ion  represents  

a near ly  pure doublet ,  

b) Imidazoyl Radical (11, Table IV). The point  group of 

imidazoyl r a d i c a l  i s  Czv, t h e  same as py r ry l ,  and the  expectat ion 

w a s  t h a t  t he  sp in  dens i ty  on t h e  Symmetrically placed carbon 
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TABLE 111 

n-Spin and Electron Densities of  Pyrryl  Radical 

3 

Q2 1 g c = n =  g c = c =  -2.4 ev 

2 0.418 
3 0.106 

( S a )  = 0.75001 
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atom would be near ly  zero. As seen by inspecting Table IV 

t h i s  i s  not true, t h e  sp in  d e n s i t i e s  on t h e  ni t rogen atoms 

w e r e  near ly  zero! Clear ly  no symmetry argument can be i m -  

posed t o  explain such a r e s u l t .  A r a t i o n a l i z a t i o n  of t h i s  

r e s u l t  can be obtained by inspect ing the  p i -e lec t ron  charge 

d e n s i t i e s .  

i n  excess of un i ty  (becoming negat ively charged) while t he  

carbon atoms lose  e l ec t ron  densi ty .  

allow us to  make some guess a t  t he  r e l a t i v e  importance of  

d i f f e r e n t  resonance s t ruc tu res .  For instance,  i f  the  molecule 

w e r e  cyclopentadienyl r a d i c a l  equal sp in  dens i ty  would be 

expected a t  each atom. However, t he  e l ec t ronega t iv i ty  of t h e  

n i t rogen  atoms draws e l ec t rons  i n t o  the  ni t rogen atoms pre-  

sumably decreasing the  relative importance of r a d i c a l  s t ruc -  

The n i t rogen  atoms accumulate an e l ec t ron  dens i ty  

These e l ec t ron  dens ' i t ies  

t u r e s  having 

shown below. 

sp in  d e n s i t i e s  a t  the  ni t rogen atom. This is  

Apparently, i n  t h e  p i -e lec t ron  ca l cu la t ion  of  

Nonionic Radical Resonance S t ruc tures  

Radical-ionic Resonance S t ruc tures  
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imidazoyl r a d i c a l  t he  r ad ica l -  ionic  resonance s t r u c t u r e s  are 

more important than t h e  nonionic s t r u c t u r e s ,  

dens i ty  on the  symmetrically disposed c e n t r a l  carbon atom 

ind ica t e s  t h a t  the  point  group of t h e  molecular wavefunction 

f o r  imidazoyl r a d i c a l  is  probably not t h e  same as wi th  py r ry l  

The high sp in  

r ad ica l .  

c)  Indoly l  Radical ( I I IR,  Table V). The p i -e lec t ron  ca l -  

cu la t ion  on indoly l  r a d i c a l  does show a p o s i t i v e  sp in  dens i ty  

on t h e  ni t rogen atom which is q u i t e  s e n s i t i v e ,  computationally, 

t o  t he  choice of t he  resonance i n t e g r a l  ( i n  con t r a s t  wi th  

py r ry l  and imidazoyl). An inord ina te ly  high degree of sp in  

i s  loca l ized  on the  carbon atom a t  the  3-posi t ion (about % t h e  

t o t a l  sp in) .  I f  t h i s  i s  t r u e  f o r  t he  real indoly l  r a d i c a l  

( as ye t  undetected) it would ind ica t e  t h a t  t h i s  species  would 

be highly reac t ive .  Examination of t h e  sp in  and e l ec t ron  densi- 

t i es  ind ica t e  t h a t  t h e  pos i t i on  of t h e  sp in  d e n s i t i e s  i n  indoly l  

r a d i c a l  is  not e a s i l y  r a t iona l i zed  i n  the  same way as wi th  i m i -  

zoyl. On t h e  o t h e r  hand the  concentrat ion of t he  sp in  d e n s i t i e s  

i n  the  f i v e  member r ing  r a t h e r  than the  s i x  member r ing  ind ica t e s  

a reluctance t o  t h e  breaking of t h e  n a t u r a l  resonance (or 

aromatici ty)  of t he  benzene r ing .  

d) Carbazyl Radical (VIIIR, Table V).  Examination of t h e  

two d i f f e r e n t  sets of ca l cu la t ions  on carbazyl  r a d i c a l  i nd ica t e s  

some d i f f i c u l t y  i n  obta in ing  2 a good value f o r  t h e  expectat ion 

value of (S2). The sp in  d e n s i t i e s  on t h e  carbon atoms are d i f -  

f e r e n t  for both sets of  ca l cu la t ions  although most of the sp in  
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TABLE IV 

n-Spin and Electron Densi t ies  of  Irnidazoyl 

3 

2, 
1 

g c = n =  g c = c =  -2.4 ev 

TT- Spin n- Elec t ron  

Ann i h i  l a  t ion (After)  (Before) 
Atom Before Af te r  Density 

1 0,355 0 . 355 (0.360)* 0.741(0.732) * 0.746 
2 -0.046 -0.044(-0.035) 1.336 (1.341)  1.330 
3 0.368 0 3 6 7 ( 0 ,  356)  0 . 793(0.793)  0.797 

b I 

( s a )  = 0,756 

(Sa>*  = 0.755 

*BC n = -2.5 . eve ,  gc = c = -2.40 
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Table V 

rr-Spin and Electron Densities of Indoly l  Radical 
3 

6 &i 1 7 

Allg's = -2.4 ev 

8 
_______~  

rr-Spin Density 
Af te r  Annihi la t ion 1 Atom n-Electron Density 

After Annihilation 

0.276 

-0.040 

0 . 502 

-0.069 

0 0 190 

-0.062 

0 . 140 

-0,018 

0.081 

(0 1 4 )  * 
(0 .06)  

(0 .49 )  

( -0 .04)  

(0.16) 

(0.02) 

(0.10) 

(0 .04)  

(0 .OS) 

1.247 

0 . 890 

0.921 

1.057 

0.970 

1.012 

0.979 

0.970 

0 . 955 

* 
(1.30) 

(0,87) 

(0 .91)  

(1.07) 

( 0  . 9 4 )  

(1.02) 

(0.96) 

(0 .97 )  

(0 .95 )  

( S a )  = 0.786 

= n = -2.57, @C c - 2.40 

(Sa ) *  = 0,750 
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(about k) is  loca l ized  on t h e  ni t rogen atom. The point  group 

f o r  py r ry l  and carbazyl  r a d i c a l  are d i f f e r e n t  ye t  where the  

former material is predicted t o  have a near ly  zero sp in  densi ty  

a t  the  n i t rogen  atom t h e  l a t t e r  material has a high sp in  

densi ty .  A s  with indoly l  r a d i c a l  apparently the  spins  are not  

highly delocal ized because of t h e  reluctance i n  breaking the  

benzene r ing  resonance c h a r a c t e r i s t i c s .  A s i m i l a r  th ing i s  

observed i n  the  case of t h e  relative a c i d i t i e s  of the  hydro- 

carbons f luorene,  indene and cyclopentadiene. 30 

e) Benzimidazoyl Radical (IXR, Table V I I )  . This r a d i c a l  

represents  a case where a change i n  t h e  resonance parameter of 

the  carbon-nitrogen bond generates  two d i f f e r e n t  sets of  sp in  

d e n s i t i e s .  (This is  t h e  only case  t r e a t e d  i n  which this w a s  

found.) When a l l  resonance parameters w e r e  equal t he  calcu- 

la t ions  indicated a near ly  zero sp in  dens i ty  a t  t h e  n i t rogen  

atoms, similar t o  the  previously discussed case  f o r  imidazoyl. 

A s l i g h t  increase i n  the  carbon-nitrogen resonance parameter caused 

a complete reversal of sp in  d e n s i t i e s  t o  t h e  extent  t h a t  t h e  

sp in  w a s  loca l ized  70% on t h e  two ni t rogen atoms, Such a re- 

s u l t  demonstrates t h e  a r b i t r a r y  na tu re  of t h e  ca lcu la t ion .  W e  

can not  p red ic t  beforehand t h e  sp in  dens i ty  p rope r t i e s  of t h i s  

r a d i c a l  i n  a manner which i s  not  a r b i t r a r y  wi th in  the  context  of 

p i -  e l e d  t r o n  ca l cu la t ions  e 

f > . Resonance parameter 

changes d id  not  g r e a t l y  a l te r  the sp in  dens i ty  c h a r a c t e r i s t i c s  

o f  t h e  pur inyl  r a d i c a l ,  The n i t rogen  sp in  d e n s i t i e s  f o r  
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Table V I  

V-Spin and Electron Densities for Carbazyl Radical 

9 6 
10 5 

11 4 p 's  = - 2.4  ev 

Atom n-Spin 
Dens it ies 

rr-Electron 
Dens it ies 

1 0.487 ( .457)* , 1.167 (1 .19 )  * 
2 -0.075 ( -0  020)  0.977 ( 0  9 7 )  

3 0 . 189 (0 .102 )  T 0.972 (0 .96 )  

4 -0.079 (-Q. 018)  1.005 (1 .02)  

5 0 e 155 (0 .108)  0.984 (0 .98)  

6 -0 . 056 (0.013) 0 986 (1 .00)  

7 0 . 122 ( 0  096)  0.992 (0 .99 )  

( S a )  = 0.906 

*Pc n = - 2.57 ev, 2,40 ev. 

(Sa ) *  = 0,750 
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atoms 1, 3 ,  and 8 are negative while f o r  t he  6 th  ni t rogen i s  

high. The spin dens i ty  seems f a i r l y  evenly spread throughout 

the  system. I n t e r e s t i n g l y ,  t h e  high sp in  densi ty  on 6-nitrogen 

i s  accompanied by a lower e l ec t ron  dens i ty  ind ica t ing  t h a t  

high e l ec t ron  dens i ty  and sp in  dens i ty  do not occur together .  

This supports t he  argument given i n  t h e  imidazoyl r a d i c a l  wi th  

the  d i f f e rence  being t h a t  i t  i s  d i f f i c u l t  t o  r a t i o n a l i z e  why 

one ni t rogen should be so much d i f f e r e n t  than the  o thers .  

D )  A l l  Valence Electron Calculat ions 

The previous p i -e lec t ron  ca l cu la t ions  s u f f e r  from a major 

drawback. This t h e o r e t i c a l  method completely neglec ts  a l l  t h e  

o the r  bonding e l ec t rons  i n  the  system. I n  addi t ion ,  i n  the  

case of benzimidazoyl r a d i c a l ,  s m a l l  and r a t h e r  a r b i t r a r y  

changes i n  the  resonance parameters generated a g r e a t  change 

i n  the  c a l c u l a t e d  e l ec t ron  and sp in  d e n s i t i e s .  The most re- 

l i a b l e  t h e o r e t i c a l  ca l cu la t ion  would be one which incorporated 

a l l  the  e l e c t r o n s  i n  t h e  molecule using t h e  - ab i n i t i o  open s h e l l  

Hartree-Fock molecular o r b i t a l  method. Although such a ca l cu la t ion  

i s  poss ib le ,  using a minimum b a s i s  set, t h e  c o s t  i s  p roh ib i t i ve ,  

probably i n  the  range of $5,000 f o r  imidazoyl f o r  a p a r t i c u l a r  

geometry, 

$10, A compromise is  reached using a l l  valence e l ec t ron  s e m i -  

empir ical  ca l cu la t ions  foa  which the cos t  runs about $100. 

The corresponding p i -e lec t ron  ca l cu la t ion  i s  about 
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i 

TABLE VI1 

rr-Spin and Electron Densi t ies  f o r  t he  Benzimidazoyl Radical 

SPln Electron Density 
Atom Density Before Af te r  1 

1 0.168 (0.049)* 0.937 0,937 (0.980)*  

2 -0.048 (0 .204)  1.009 1.009 (0 .908 )  

3 0.261 ( -0 .044)  0.820 0.819 (0 .993)  

4 -0.023 (0 .347)  1.374 1.378 (1.194)  

- After  Annihi la t ion Annihi la t ion Annihi la t ion 

5 0.284 (-0.110) 0.717 0.714 (0 .851)  

1 m5 2 

@c = c = @c = n = -2.40 

( S 2 )  = 0.766 

(S”)*  = 0,775 

c = n = -2.57 ev, 8c = c = -2.40 ev 
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TABLE VI11 

n-Spin and Electron Densi t ies  for the 
Purinyl  Radical 

4 6 
3 

7 

3, 

1 8 

Spin Electron 

A f t e r  Annihilation A f t e r  Annihilation 
Atom Density Density 

1 -0.076 (-0.065) * 1,270 (1.27)* 
2 0.197 (0 . 198) 0.735 (0.73) 
3 -0,082 (-0.069) 1.285 (1028) 
4 0.224 (0,224) 0 . 780 (0.77) 
5 0,009 (0.046) 0 945 (0 93) 
6 0 . 389 (0.314) 1.181 (1.21) 
7 0.135 (0 e 152) 0 . 706 (0.71) 

\ 

J 

8 -0.012 (-0.018) 
9 0.213 (0.217) 

1 344 (1.35) 
0.753 (0.75) 

( S a )  = 0.796 

( S a )  = 0.774 
* 
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Of p a r t i c u l a r  i n t e r e s t  i n  t h e  case of 

r a d i c a l s  t r e a t e d  here  i s  t h e  poss ib l e  near  

the  he te rocycl ic  

degeneracy of  t h e  

sigma and p i - r ad ica l s .  For  instance,  i n  the case o f  pyr ry l ,  

two ground state configurat ions are possible .  The f i r s t  i s  

where the  "extra" odd e l ec t ron  i s  i n  an o r b i t a l  whose wave- 

funct ion is  symmetric t o  r e f l e c t i o n  i n  the  plane of t h e  mole- 

cule .  A loca l ized  p i c t u r e  of such a r a d i c a l  i s  shown below as 

In-Sigma. It i s  a l s o  poss ib le  t h a t  t h e  "extra" e l ec t ron  i s  

delocal ized i n  a p i -e lec t ron  o r b i t a l  whose wavefunctions i s  

antisymmetric t o  r e f l e c t i o n  through t h e  plane of t he  molecule. 

A corresponding p i c t u r e  of such a r a d i c a l  i s  shown below as 

the  IVR-Pi. 
e 

IVR- S igma 
(Localized Picture)  

IVR- P i  

Now the  previous p i -e lec t ron  ca l cu la t ions  assumed t h a t  the  

py r ry l  r a d i c a l  had a s t r u c t u r e  ak in  t o  IVR-Pi. Application of 

i n t u i t i o n  might argue t h a t  t h e  most s t a b l e  configurat ion of the  

lowest e l e c t r o n i c  s ta te  of IVR is  IVR-Pi. Such an argument 

would be based on t h e  higher  poss ib le  de loca t i za t ion  of IVR-Pi 

over t he  corresponding sigma s t r u c t u r e  IVR-Sigma. Theore t ica l ly  

t h i s  problem w a s  t r e a t e d  using the a l l  valence e l ec t ron  ca lcu la-  

t i o n  of P ~ p l e , ~ '  the INDO method ( intermediate  neglect  of 

d i f f e r e n t i a l  overlap).  This method has been described i n  
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d e t a i l .  31 

from the  Quantum Chemistry Program Exchange (Program 141), No 

a l t e r a t i o n s  o f  t he  program was undertaken; it w a s  used as 

obtained from t h e  Exchange a f t e r  several i n i t i a l .  ca l cu la t ions  

of known systems. 

The program used f o r  these  ca l cu la t ions  w a s  obtained 

i )  Pyrryl  Radical (IVR, Table IX). Because of t h e  planar  

symmetry of  t he  pyr ry l  r a d i c a l  t he  e l ec t ron  and sp in  d e n s i t i e s  

are reported i n  Table I X  f o r  t h e  p i  and sigma e lec t rons .  

Since the  molecule i s  symmetrical, symmetrically i d e n t i c a l  

atoms w i l l  have the  same sp in  and e l ec t ron  dens i t i e s .  Examina- 

t i o n  of Table I X  shows t h a t  t h e  n i t rogen  atom has a s l i g h t  

e l ec t ron  dens i ty  i n  excess of i t s  valence number of 5.000 showing 

a s l i g h t  negat ive charge on the  ni t rogen.  

pos i t ion  2 has a ne t  p o s i t i v e  charge and the  carbon atom a t  

pos i t ion  3 i s  near ly  neu t r a l .  Both hydrogen atoms are s l i g h t l y  

negat ively charged. 

set of atomic o r b i t a l s :  

o r b i t a l ;  f o r  carbon and ni t rogen atoms, t h e  2 s ,  and 2p ( i n  t h e  

x, y,  and 2: d i rec t ions ) .  The Is o r b i t a l s  f o r  carbon and n i t r o -  

gen are not  included i n  the  ca l cu la t ions ,  t h e  j u s t i f i c a t i o n  being 

t h a t  the  e l ec t rons  i n  these  o r b i t a l s  are bound s t rongly  t o  a 

p a r t i c u l a r  atom and are not involved s i g n i f i c a n t l y  i n  molecular 

bonding e 

The carbon atom a t  

The ca l cu la t ion  using t h e  following b a s i s  

f o r  t h e  hydrogen atom, only t h e  1s 

The s p i n  d e n s i t i e s  shown i n  Table I X  are divided i n t o  

t h r e e  major ca tegor ies .  The sp in  of t h e  e l ec t ron  may e i t h e r  

be p a r t i a l l y  located i n  t h e  s or p o r b i t a l s ,  The p o r b i t a l s  
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Table I X  

IT and cf Electron and Spin Densi t ies  for the 
Pyrryl Radical 

1 

H 

-0 . 229:l -3.4 1 -0 0088s 1 4.017 1.282 5.299 (-o:0420p 

0,492 21-4 

-0 e 244 1,4 

4 1.015 -- 1.015 -0,0221 -11.9 

0 0262s 

0.0017s 

2 2.968 00834 30802 (0:0317p 

3 2.940 1.025 4.015 ( 0 . 0 0 6 6 ~  

5 1.020 -- 1,020 -0.0054 

= 2.35 Debyes pcalcd 

- 209 

s = s - o r b i t a l ,  p = p .. o r b i t a l  
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however are symmetrically assigned as being e i t h e r  i n  t h e  

plane of t he  molecule (o r  i n  the  sigma network) o r  perpendicu- 

l a r  t o  the  plane of t h e  molecule (or i n  the  pi-network). A s  

seen from examining the  Table I X ,  p r a c t i c a l l y  the  e n t i r e  sp in  

i s  loca l ized  i n  t h e  pi-network showing t h a t  t h e  r a d i c a l  i s  a 

p i - r ad ica l .  However, hyperf ine coupling s t r u c t u r e  of che ESB 

spectrum only r e s u l t s  from the  i n t e r a c t i o n  of the  nuclear  sp in  

with the  e l ec t ron  wavefunction a t  the  nucleus. 32 

t he  s - e l ec t ron  densi ty  a t  t he  atom of  i n t e r e s t  w i l l  generate  

hyperfine s p l i t t i n g  o f  the  ESR spectrum. The hyperfine coupling 

Thus only 

constants  are proport ional  t o  the  e l ec t ron  d e n s i t i e s  i n  t h e  

s - o r b i t a l .  Theore t ica l ly ,  1st order  theory shows t h a t  a p i -  

r a d i c a l  ( o r  sp in  dens i ty  i n  the  p i - o r b i t a l )  w i l l  have no hyper- 

2nd order  theory explain's t he  in t e rac t ion  f i n e  ESR spectrum. 

i n  terms of po la r i za t ion  of  t h e  spins  i n  the  sigma network by 

32 

t he  spins  i n  the  pi-network. This i s  seen computationally by 

the  weak s p i n  d e n s i t i e s  i n  the  sigma network i n  py r ry l  r a d i c a l  

(Table I X )  e However, t he  s - o r b i t a l  e l ec t ron  d e n s i t i e s  a r e  what 

determine t h e  hyperf ine coupling cons tan ts ,  I n  py r ry l  r a d i c a l  

having only C . - l  

by d e n s i t i e s  a t  t h e  n i t rogen  and hydrogen atoms. 

t he  ESR spectrum would be expected t o  be s p l i t  

The ca lcu la-  

t i ons  p red ic t  t h a t  t he  hydrogen atoms adjacent  t o  t h e  n i t rogen  

atom would have a much higher  coupling constant  than the  o the r  

hydrogen p a i r ,  I n  s p i t e  of t h e  high negat ive sp in  on the  n i t r o -  

gen atom (mostly p) t h e  ni t rogen atom should generate a s m a l l  

coupling constant .  I n t e r e s t i n g l y ,  t he  same genera l  p i c t u r e  of 
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the  hyperfine spectrum of py r ry l  r a d i c a l  i s  obtained from the  

p i -e lec t ron  ca l cu la t ion  previously discussed (Table 111). It 

should be remarked t h a t  the  a l l  valence e l ec t ron  ca l cu la t ions  

presented i n  Tables IX, X, and X I  are open s h e l l  (obviously) 

bu t  ynprojected QT annihilatsd as wits tho  case for the p i -  

e l ec t ron  ca l cu la t ions .  Thus t h e  high negat ive sp in  d e n s i t i e s  

i n  the  p i - o r b i t a l s  of pyr ry l  r a d i c a l  (Table I X )  are a b i t  suspi-  

cious.  F ina l ly  i t  i s  emphasized t h a t  although the  ca l cu la t ion  

p red ic t s  a p i  s t r u c t u r e  f o r  t h e  py r ry l  r a d i c a l  t he  sigma r a d i c a l  

may not be too  f a r  away i n  energy. Since t h e  INDO method i s  

semiempirical s l i g h t  adjustment of parameters might cause an 

inversion i n  t h e  pred ic t ion  of what i s  t h e  ground s ta te  of the 

pyrry l  r ad ica l .  

ii) Imidazoyl Radical (11, Table X) .  Examination of Table 

X shows t h a t  t he  r a d i c a l  i s  predicted t o  be sigma. The sp in  

i s  mostly concentrated a t  t h e  p i n  plane o r b i t a l s  on t h e  n i t r o -  

gen atoms ( thus not adding anything t o  the  coupling constant)  

with very l i t t l e  on the  n i t rogen  s - o r b i t a l s .  The r a d i c a l  i s  

thus predicted t o  have a f a i r l y  narrow spectrum f o r  a sigma 

r a d i c a l ,  t h e  s p l i t t i n g  r e s u l t i n g  from the  hydrogen atoms are 

s m a l l  and the  ni t rogen atoms not  much l a rge r .  

cur ren t  ESR spectrum on what i s  claimed34 to be the  imidazoyl 

r a d i c a l  ind ica tes  a sigma r a d i c a l  t h e r e  i s  no c o r r e l a t i o n  be- 

tween the  coupling constants  i n  Table IX ( the  experimental - 
r e su l t s34  show strong coupling between a proton having 32 gauss 

Although one 

and two n i t rogens  having 10.5 gauss).  Again it i s  s t r e s s e d  t h a t  
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t he  sp in  d e n s i t i e s  r e s u l t  from unannihi la ted wavefunctions. 

The f a i r l y  la rge  Carbon-3 coupling constant ind ica tes  t h a t  

t h e i e  may be more po la r i za t ion  a t  the  adjacent hydrogen atom 

than indicated i n  t h i s  p a r t i c u l a r  ca l cu la t ion ,  

i i i )  Benzimidazoyl Radical (XXR, Table 1x1, This r a d i c a l  

is  predicted t o  have a p i - e l ec t ron ic  s t r u c t u r e .  The n i t rogen  

atoms are predicted t o  s p l i t  t he  spectrum with a coupling con- 

s t a n t  of about 4 gauss each. Only weak coupling i s  pred ic ted  

from hydrogen atoms 6 and 7 but a f a i r l y  l a rge  inf luence from 

hydrogen atom 8. 

p i - e l ec t ron  ca l cu la t ion  shown i n  Table V I I .  

These r e s u l t s i n  no way correspond wi th  e i t h e r  

Discussion of t he  All Electron Calculations 

The a l l  e l ec t ron  ca l cu la t ions  are of  more fundamental 

i n t e r e s t  than the  p i -e lec t ron  ca l cu la t ions .  Yet, the  s e m i -  

empir ical  na ture  of both types o f  ca l cu la t ions  leave doubts 

as t o  t h e i r  v a l i d i t y ,  e spec ia l ly  i n  t h e  absence of experimental 

r e s u l t s  e The f i r s t ,  and probably most se r ious  problem r e s u l t s  

from the  predic t ion  t h a t  t h e  py r ry l  and benzimidazoyl r a d i c a l s  

have p i - s t ruc tu res  whereas the  imidazoyl r a d i c a l  i s  sigma. 

This r e s u l t  seems t o  ind ica t e  t h a t  t he  corresponding sigma 

r a d i c a l  f o r  py r ry l  and benzimidazoyl, being an exc i ted  s t a t e  

i n  these ca l cu la t ions ,  might be wi th in  several ten ths  of an 

e l ec t ron  v o l t ,  energywise, of  the  p i - r a d i c a l  and thus s l i g h t  

changes i n  the  parameters ( e i t h e r  e l ec t ronega t iv i ty  o r  t he  

resonance propor t iona l i ty  constant)  might r e s u l t  i n  a d i f f e r e n t  

pred ic t ion  placing t h e  sigma r a d i c a l  as being the lowes t  energy 
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Table X 

v and o Electron and S p i n  Densi t ies  
for t he  Imidazoyl Radical 

H4 

2 

/ 
H 

H 
5 

Elecrron u e n s l t l e s  spm Uenslzies kiyp er i inE 

5 IT Constants o v T o t a l  Coupling Atom 

0 0114s 

0 0107s 

3 2,819 1.014 3.833 (o.0275p 

1 2.864 1.094 30957 (o:oo-j7p 

2 3.720 1.399 5,119 { 0 : 4 8 0 5 ~  

-0.0455s 

0.9.96 0 0006 I O e g g 6  -- 

-0 , 005 9.4 

0.033 4.1 

-0.056 -37.3 

0 - 3 .  

5 1.011 -- 1.011 -0,0023 -1.2 

p = 0.02 Debyes 

s = s - o r b i t a l ,  p = p .. o r b i t a l  
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Table XI 

IT and o Electron and Spin Densi t ies  f o r  
t h e  Benzimidazoyl Radical 

H 

6 H 
7 

Electron Dens it ies Spin Densi t ies  Hyperkine 
Atom Coup l i n g  

CT Tr Tota l  0 Tr Constant 

2.975 

2.991 

2.902 

4.181 

2.821 

1,019 

1.019 

1.005 

1.001 

0.994 

1.008 

0.097 

1.020 

-- 
I- 

-- 

0.5 

2.2 

-4.0 

9.6 

OeO006~ 0.032 
30976 t'(-0.0008p 

0.0027s o.063 

-0.0049s -o.018 
3* 985 ( 0 . 0 0 2 9 ~  

30910 ' 0 . 0 1 6 5 ~  

* ' 0 .0283~ 

-24.1 3*841 0 . 0 4 9 9 ~  

1.019 -0.0017s -0.9 

1.019 -0 .0029~  -1.6 

1.005 0.0142s -7.7 

0.0252s 0.621 

-0.0293s -0.397 

p = 1.33 Debyes 
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stateL., The converse might be t r u e  of imidazoyl. Without 

supporting ca l cu la t ions  as t o  where the  exci ted states of t he  

r a d i c a l s  a r e  o r  t he  parameter s e n s i t i v i t y  of the  energies of 

these  states t h e  r e s u l t s  and predic t ions  of the ca lcu la t ions  

presented here  must no t  be accepted u n c r i t i c a i l y .  

mentioned the  sp in  d e n s i t i e s  are a l s o  i n  doubt s ince  a n n i h i l a i  

t i o n  w a s  not imposed on t h e  f i r s t  s t age  open s h e l l  wavefunctions. 

S t i l l ,  these  ca l cu la t ions  are a f i r s t  shot a t  these  p a r t i c u l a r  

molecular systems and have given rise t o  suggestion as t o  where 

A s  previously 

we should go next.  

i n  agreement with t h e  experimental ESR spec t ra .  

S i m i l a r  ca l cu la t ions  on a r y l  radicals3’ are 
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11. EXPERIMENTAL STUDIES I N  ELZCTRON SPIN RESONANCE 

The prime objec t  of experimental s tud ie s  w e r e  t o  generate 

t h e  neu t r a l  r ad ica l s  of heterocycl ics  pyrrole ,  indole ,  imidazole, 

carbazole ,  benzimidazole, purine,  and r e l a t e d  mater ia l s .  With 

the  exception of t h e  unanalyzed spectrum of  t he  r ad ica l s  of  

t r i p h e n y l i m i d a z ~ l e ~ ~  ne i the r  t h e  anion, ca t ion  o r  neu t r a l  

r ad ica l s  of these types of mater ia l s  have ever been reported 

i n  the  l i t e r a t u r e .  Considering t h e  number of possible  radi-  

ca l s  t h i s  a rea  seems r i p e  f o r  both t h e o r e t i c a l  and experimental 

explo i ta t ion .  However, a t  t h e  beginning of t he  experimental 

program ne i the r  t he  postdoctoral  researcher ,  D r .  S. Chang, nor 

t he  p r inc ipa l  i nves t iga to r  had any experimental experience i n  

the  determination and i n t e r p r e t a t i o n  of ESR spec t ra .  A f t e r  

about 9 months of s tudy,  none of the desired he te rocycl ic  radi-  

ca l s  had been detected i n  s p i t e  of a vigorous study of several 

d i f f e r e n t  methods of r a d i c a l  generation. To da te  i t  can be 

s t a t e d  t h a t  the  problem i s  out l ined  and the  next d i r e c t i o n  of 

a t t a c k  c l e a r l y  seen. 

The Experimental Equipment 

The E-3 Varian ESR spectrometer w a s  used. Other acces- 

s o r i e s  consisted of :  i )  Varian V-4556 e l e c t r o l y t i c  c e l l ;  ii) 

Varian V-4549 rapid mixing c e l l ;  i v )  Varian E-4557 low temperature 

accessory,  and aqueous and nonaqueous measurement tubes.  

Experimental Techniques 

E l e c t r o l y t i c  reductions were ca r r i ed  out  i n  the  above 

mentioned ce l l  using r e d i s t i l l e d  a c e t o n i t r i l e  as a so lvent ,  
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t e t r abu ty l  o r  tetrapropylammanium perchlorate  (Eastman Kodak) 

as a supporting e l e c t r o l y t e  and the  dissolved material of in-  

terest. The e lec t rode  i n  t h i s  case w a s  a platinum w i r e  ne t .  

Direct cur ren t  vol tage was appl ied from a Heath va r i ab le  cur ren t  

supply. Both t h e  vol tage  and cur ren t  was monitored. The pro- 

cedure consis ted of varying the  vol tage  drop across t h e  so lu t ion  

i n  progressively increasing levels, monitoring a t  each vol tage 

t o  see i f  any ESR spectrum w e r e  generated.  

e l e c t r o l y t i c  ce l l  was  done according t o  t h e  in s t ruc t ions  given 

i n  the  Varian manual. E l e c t r o l y t i c  Oxidations w e r e  e f f ec t ed  

Operation of the  

i n  near ly  the  same manner with t h e  exception t h a t  t he  oxidations 

took place a t  t h e  l i q u i d  mercury-acetoniri le in te r face .  

The Electron Transfer  Method 36237 was  accomplished using 

the standard l i t e r a t u r e  method. Donor (pr inc ipa l ly  propiophenone) 

and acceptor compounds w e r e  dissolved i n  dimethylsulfoxide.  

A degassed so lu t ion  of t h i s  mater ia l  was  mixed, under vacuum 

with 0.05 molar potassium t-butoxide.  The p r inc ipa l  mechanism 

of the  procedure is  the  generat ion of t he  ketone anion followed 

by e l ec t ron  t r a n s f e r  t o  the  acceptor.  The ESR spectrum of t h e  

acceptor anion i s  then determined. The fa te  of t he  oxidized 

ketone anion36y37 i s  complex and won't be d e a l t  with here .  

method is  clean-cut and good acceptor  molecules ( l i k e  n i t r o -  

benzene), y i e ld  much, b e t t e r  spec t r a  than obtained e l e c t r o l y t i c a l l y .  

The method i s  l imi ted  i n  t h a t  t h e  acceptor m u s t  be  capable of 

oxidizing t h e  ketone anion. Although some very i n t e r e s t i n g  spec t ra  

w e r e  obtained they w e r e  no t  d i r e c t l y  pe r t inen t  t o  t h e  problem 

under s tudy here  e 

The 
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10 Chemical oxidat ion of var ious mater ia l s  can be a f f ec t ed  

by a number of var ious means. 

quinione w a s  obtained by merely allowing atmospheric oxygen t o  

a t t ack  bas i c  so lu t ions  of hydroquinone. ( I t  i s ,  i n  f a c t ,  d i f f i -  

c u l t  t o  prepare a bas ic  so lu t ion  of hydroquinone without obtain- 

ing an ESR s igna l . )  Sul fur ic  ac id  oxidat ion i s  the  standard 

method f o r  preparing so lu t ions  of  hydrocarbon ca t ion  r a d i c a l s .  

Simple anion r a d i c a l  of benzo- 

These were used f o r  c a l i b r a t i o n .  

IS) ESR Studies  i n  Heterocyclic Radicals 

i )  General Pr inc ipa ls .  Although he terocycl ic  ca t ion  and 

anion r ad ica l s  have been generated from a number of heteroaro- 

matics (defined as aromatic hydrocarbons where one o r  more C-H 

m o i e t i e s  are replaced by N)38 as w e l l  as a few he terocycl ic  

ca t ions  have been re'duced t o  n e u t r a l  radicals3'  only a few are 

known i n  compounds having pyr ro le  type ni t rogens.  39 A number 

of r a d i c a l s  are poss ib le  in  the  case of t h e  bas ic  imidazole 

s t r u c t u r e  i t s e l f .  

a )  Direct  reduction o r  oxidat ion of Imidazole o r  s u b s t i t u t e d  
o r  

Imidazoles t o  y i e l d  anion ca t ions  r a d i c a l s  
R R R 

I 1 

[ r$]: 
r l  

b) N-H abs t r ac t ion  i n  Imidazole 
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c)  Reduction of an Imidazolium Cation 

R R 
I z - [qp R q R 

Radical c a t i o n  o r  anion generat ion by process a )  can occur 

wi th  one o r  more ni t rogens but  one of the  ni t rogens must be of 

t he  pyr ro le  type. Process b) requi res  a N-H bond and Process c) 

requi res  two  o r  more ni t rogens i n  t h e  molecule only one of which 

i s  of t he  pyrrole  type. The process of p r i n c i p a l  i n t e r e s t  i s  

b) but it i s  c e r t a i n l y  poss ib le  t h a t  any of the  processes could 

occur i n  l i v i n g  systems. I n  n e i t h e r  process a )  o r  c )  are t h e  

reduction p o t e n t i a l  d e f i n i t i v e l y  reported i n  t h e  l i t e r a t u r e  for 

s m a l l  molecules Evidence from polarographic reduct ion poten- 

t i a l s  might i n d i c a t e  t h a t  process c )  i s  most e a s i l y  a r r i v e d  a t  i n  

I n  addi t ion ,  t he  r a t e  40 . the  case of ac id  so lu t ions  of adenine. 

o f  the  r eac t ion  of imidazole wi th  the  hydrated e l ec t ron  i s  

near ly  d i f fus ion  cont ro l led  i n  ac id  media and drops s i g n i f i -  

can t ly  a t  high pH, Again, however, no supporting ESR informa- 

t i o n  has been reported on poss ib le  intermediates.  

Following are some s p e c i f i c  cases f o r  attempted r a d i c a l  

generat ion i n  he te rocycl ic  systems e 

i i )  Heterocyclics i n  Which Some ESR Signal  was  Detected 

I n  a few cases ESR s i g n a l s  w e r e  detected on a few 

he terocycl ic  systems., These w e r e  as follows, 
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1,2-dimethylimdiazole (X) , when subjected t o  e l e c t r o l y t i c  

reduct ion i n  a c e t o n i t r i l e ,  yielded a 68 l i n e  spectrum 27 gauss 

wide. .The spectrum did  not  exh ib i t  symmetrical s t r u c t u r e  and 

could not  be analyzed. 

Both 1,l ' -carbonyldimidazole ( X I )  and indazole ( X I I )  w e r e  

t r e a t e d  according t o  the  e l ec t ron  t r a n s f e r  method described 

above. Both y i e l d  s i n g l e  l i n e  spec t r a  each 5 gauss wide. 

0 

Carbazole ( V I I I )  on e l e c t r o l y t i c  oxidat ion i n  a c e t o n i t r i l e  

a l s o  yielded a one l i n e  spectrum, 10 gauss wide. E l e c t r o l y t i c  

reduction of  t he  same material w a s  without success. 

Benzoxazole (XIII) yielded a reso lvable  spectrum when sub- 

j e c t e d  t o  e l e c t r o l y t i c  reduction, l o  gauss wide, 9 l i n e s ,  i n t e r -  

p re tab le  using hydrogen coupling constants  of 3 . 1  and 1.24 gauss 

f o r  two p a i r s  of hydrogens. However, t h e  poss ib le  anion r a d i c a l  

of benzoxazole would probably have a reasonable degree of t r i p l e t  

s p l i t t i n g  from t h e  ni t rogen.  Therefore t h e r e  is considerable  

doubt t h a t  t he  spectrum seen w a s  t h a t  of t h e  anion of t h i s  

material, 
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1,2-dimethyl indole  (XIV) was  subjected t o  e l e c t r o l y t i c  

oxidat ion i n  a c e t o n t r i l e  and a s i n g l e  broad l i n e  w a s  observed, 

CH3 
XIV 

i i i )  Heterocyclic Materials i n  Which No ESR Signal  w a s  
Detected 

E l e c t r o l y t i c  reduct ion and oxidat ion w e r e  attempted on 

the  following he terocycl ic  without success. 

Dibenzofuran 2,6-dimethylpyrone 1-methylimidazo l e  

1,2,3- t r i m e  thy1 
imidazolium c a t i o n  benzimidazole 

1-e thyl  2-methyl 3- acety i indo l e  

N-phenylpyrrole 4,5-diphenylimidazole 2,4,5-tripehnyl- 
imidazole 

iv)  Chemical Oxidation of Heterocyclic Materials 

The anions of imidazole, and benzimidazole are formed i n  

Chemical oxidat ion of benzi- 41 s t rongly  bas i c  so lu t ions  (pH 14). 

midazole and imidazole i n  lM sodium carbonate so lu t ion  w a s  attemp- 

ted  by rap id  mixing with 0 .1  M potassium fer r icyanide .  

no t  successfu l ,  Chemical oxidat ion of these materials w a s  no t  

poss ib le  using the ferr icyanide-ferrocyanide p o t e n t i a l  of -0.36 

This w a s  
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v o l t s .  Cer ta in ly  s t rongly  bas ic  so lu t ions  of imidazole and 

benzimidazole d id  not undergo obvious decomposition. 

v> N ~ n - M e t e r ~ ~ y ~ l l ~  Radicals 

The e l ec t ron  t r a n s f e r  method f a i l e d  t o  y i e l d  he te rocycl ic  

r ad ica l s .  The method, however, y i e lds  anion radical spec t r a  of 

good acceptor molecules ( l i k e  nitrobenzene).  36 

c lose ly  r e l a t e d  t o  t h e  problem o f  determining he terocycl ic  

r a d i c a l s  t h e  t h e o r e t i c a l  problem of where c e r t a i n  aromatic 

r a d i c a l s  ob ta in  t h e i r  s t a b i l i t y  i s  of  fundamental i n t e r e s t .  

Recent work shows42 t h a t  the anion r a d i c a l s  of  halogenated 

benzenes spontaneously s p l i t  ou t  h a l i d e  ion t o  y i e l d  aromatic 

r ad ica l s  even a t  4°K. An example is  iodobenzene. 

Although not 

I I 8 
0 +I- 

rr-radical o-radical  

The anion r a d i c a l  has undoubtably a p i - s t r u c t u r e  whereas the  

r e s u l t i n g  n e u t r a l  aromatic r a d i c a l  has a sigma s t r u c t u r e ,  Theo- 

r e t i c a l l y ,  o r b i t a l  symmetry r u l e s  state t h a t  a p i - r ad ica l  anion 

can not a d i a b a t i c a l l y  y i e l d  a sigma r a d i c a l  and a f i l l e d  s h e l l  

ha l ide  ion. Some crossing of states must occur. When the  halo- 

genated r a d i c a l  anion i s  s u b s t i t u t e d  wi th  a nitro-group, t h e  anion 

i s  p e r f e c t l y  s t a b l e  and no decomposition t o  the ha l ide  anion and 

n e u t r a l  r a d i c a l  i s  observed. 

This problem of the  switch-over from p i  t o  sigma s t r u c t u r e  

i n  t h e  anion r a d i c a l s  of halogenated benzenes i n  going t o  h a l i d e  
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and phenyl r a d i c a l s  is t h e o r e t i c a l l y  r e l a t e d  t o  the  pre- 

viously discussed sigma versus p i  s t r u c t u r e  i n  the  hetero- 

c y c l i c  radicals. W e  were in t e re s t ed  i n  whether a11 

nitrobenzene r a d i c a l  anions w e r e  s t a b l e  when s u b s t i t u t e d  with 

ha l ide  ions. Below is given a survey of the resonance speccra 

obtained from a number of  halogenated nitrobenzene r a d i c a l  

anions. ESR experimental spectra are shown i n  Figures 
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Table X I  
Hydrogen and Nitrogen Hyperfine Coupling Constants f o r  

a Series of Subst i tuted Nitrobenzenes 

Substance 
+ Coup 1 ing 

Constant 
Previous 
Value s;k 

Ref e 

6@ 5 3 

5 .ac4 
4 

6& 

C.e 5 
4 

N02 

5 6@2 3 

C.e 

5 6 4 2  3 

Br 

an 
a 

a 
2 ¶ 6  

3¶5  

a4 

an 

a6 
a 

3 ¶ 5  

a4 

a 

a 
n 

2 ¶ 6  

a5 

a4 

a 

a 

a 

n 

2 ¶ 6  

3 ¶ 5  

n a 

a 

a 
236 

3¶5  

9.80 10.33, 10.62 

3.25 3.45 3.30 

1.00 1.16 1.03 

3.80 3.86 3.82 

9.85 9.95 

3.15 3.30 

1.15 1.13 

3,90 3.92 

9.10 9.60 

3.00 3.70 

1-00 0.93 

4.00 4.07 

9.75 9.70 

3.27 3.27 

1 , l O  1.10 

9.42 

3.20 

1. 10 

43 

44 

44 

44 
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Tab le XI (Continued) 

Substance Couplingf 
Cons tan t 

Previous 
Values* Ref e 

a 9.25 NO2 
\ n 

5 6($J 

C.e 

CC 

"p2  

B r  6@Br 

226 
a 

a5 

a 

a 
n 

2,6 

a4 

a n 

a6 

a3 

a4 

3.30 

1.10 

8.25 

3.27 

4.25 

8 . 7 5 ,  

3.30 

1.10 

4.30 
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A l l  the  chloro- and bromo-substituted nitrobenzenes 

anion r a d i c a l s  s tud ied  were s t a b l e  species .  Examination of 

the  hyperfine coupling constants  in  Table X I 1  show that the  

sp in  d e n s i t i e s  don ' t  change dramatically throughout t h e  

series. This,  i n  t u rn ,  i nd ica t e s  thaf ;he e lec t rons  on t h e  

bromine and c -  ,-Ice iwleties I o  not s t rongly  i n t e r a c t  wi th  

the  r ing  system. Rat iona l iza t ion  of t he  hyperfine coupling 

constants wi th in  context of the p i -e lec t ron  valence bond 

s t r u c t u r e s  is not  d i f f i c u l t ,  For instance,  t he  proton coupling 

r e s u l t s  from ion ic - r ad ica l  s t r u c t u r e s  i n  t h e  r ing  system i n  

which the  e l ec t ronega t iv i ty  of the  n i t r o  group forces  the  

dominance of ortho-para s t r u c t u r e s .  

Dominate Ortho-Para S t ruc tures  

NO2 

Weak Meta St ruc tures  

The sp in  dens i ty  a t  the  hydrogen nucleus i s  then r a t iona l i zed  

by invoking the  usua l  Fermi-contact terms. However t h e  spin- 

dens i ty  a t  t h e  n i t rogen  atom i s  less e a s i l y  r a t iona l i zed .  Re- 

t a in ing  the  negat ive charge i n  the  benzene r ing  and allowing 

t h e  r a d i c a l  t o  i n t e r a c t  wi th  t h e  n i t r o  group puts  sp in  densi ty  

a t  the  oxygen atom. 
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Thus the  ni t rogen sp in  dens i ty  can only a r i s e  (by  

r a t iona l i z ing  it  wi th in  the p i -e lec t ron  approximation) by rad ica l -  

anion s t r u c t u r e s  wi th in  the  n i t r o  group i tself .  However valence 

s t r u c t u r e  B appears unfavorable with respec t  t o  s t r u c t u r e  A .  
_I - - 0 @. 
O\ ; / o  0 O e  - 

0 - \ e * / *  

N + s e 
0, 

I -9 I =++ I N +  

A B 

Since i t  is  known t h a t  the hyperfine coupling constant 

r e s u l t s  from s p i n  dens i ty  i n  the ni t rogen 2s o r b i t a l  t he  above 

p i  e l ec t ron  arguments a r e  suspect.  I n  analogy with the  induced 

1s sp in  on the hydrogen r e s u l t i n g  from s p i n  induction from t h e  

carbon 2p o r b i t a l  i t  makes more sense t o  argue t h a t  above s t r u c -  

t u r e  A does induce s p i n  a t  t he  n i t rogen  2s by the  i n t e r a c t i o n  of 

the  oxygen s p i n  with t h e  N - 0  sigma bond. This i s  shown below 

by sp in  and nucleus s p i n  depolar iza t ion  diagram. Thus, i n  t h i s  

p i c t u r e  



nit rogen 
nuclear s p i n  

resonance s t r u c t u r e  A assumes t h e  major importance i n  determin- 

ing the  sp in  dens i ty .  

Why are halogenated nitrobenzene anions and r ad ica l s  s t a b l e  

whereas halogenated benzene anion r ad ica l s  a r e  not? F i r s t ,  i t  

i s  obvious t h a t  nitro-subs t i t u e n t  s t a b i l i z e s  the  radical-anion 

species more than a halogen o r  o ther  poss ib le  e l ec t ron  donating 

subs t i t uen t s .  However, i t  is  doubtful i f  t he  f i n a l  n e u t r a l  

sigma a r y l  r a d i c a l  is much effected by the  na ture  of t he  sub- 

s t i t u e n t .  However, a d i a b a t i c a l l y  the sigma rad ica l  i s  not  con- 

nected t o  a p i -e lec t ronic  s t a t e  of the  anion r ad ica l  bu t  t o  an 

exci ted pi-sigma* o r  sigma-pi>k s t a t e .  This is high energy 

s t a t e  i n  the  r a d i c a l  anion and probably deeply repuls ive.  On 

the  other  hand, the  p i - r ad ica l  anion is a d i a b a t i c a l l y  connected 

t o  an exci ted s t a t e  of t he  a r y l  r a d i c a l .  It i s  doubtful t h a t  

the  ha l ide  anion is depart ing i n  any s ta te  o ther  than i t s  ground 

s t a t e .  Thus, diagramatical ly  the  p o t e n t i a l  energy su r face  f o r  

the breaking of the  carbon-halogen bond looks l i k e  t h e  

f o l  1 owing : 
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X 

I X 

I + x- 

RC-X 

The curve shown above is  f o r  halo-benzene anion r ad ica l .  

The anion r a d i c a l  i s  known t o  g ive  a r y l  r a d i c a l  even a t  vkry 

low temperature. Thus, the  r a d i c a l  anion is predicted t o  de- 

compose w i t h  some a c t i v a t i o n  energy but  the  ove ra l l  r eac t ion  

i s  known t o  be downhill. However, on s u b s t i t u t i o n  the  p o t e n t i a l  

energy surfac’e of t h e  r a d i c a l  anion is  d ispropor t iona te ly  lower 

because of the much higher degrees, of resonance i n t e r a c t i o n  of 

t h e  n i t r o  group. Such an argument would p red ic t  t h a t  r a d i c a l  

anions of halogenated a n i l i n e  o r  methoxy benzene would a l s o  

eas i l y  y i e ld  r a d i c a l s  ., 
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v o l t s ,  J. Heyrovsky and P. Zuman, "Prac t ica l  Polarography", 

Academic Press (1968), p .  209. 

The pK's of imidazole and benzimidazole are both less 

than 14. 

P. Kasai, Union Carbide Corp., Tarrytown, New York, p r i v a t e  

communication. 

R. L. Ward, J, Am. Chem. SOC,  - 83, 1296 (1961). 

T. Fujinaga, Y. Deguchi, and K. U m e m a t o ,  Bull. Chem. 

SOC e , Japan, x, 822 (1964) . 
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APPENDIX A 

Proof of CiqTiz = TrPQ 

By def ini t ion,  

(r 

Equation (A-3)  states tha t  

and 

b 

i f j  

Using (A-1)  and (A-2) ,  

= ~ a  .b I: r i  r i" 

T i a  = (C a .b .)(C a .b ) r ri ri s si si 

- c a .a .b .b rs  ri si -KL si" 

On the other hand, 

(A-5) 

. . . . . . - . . ___._ . . . . . . .. . . 
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-i- Crsciqcj+i pa rj a s j  .b s 1  .b ri 

- c e.% .a .b .b rs L ri SI s i  r i  

-t- ( e  rs c i qc j#i -pa rj a sj b SI .b ri .)aij 

= E.% .a .b -.b rs 1 ri sz  si rf' 

The last  line follows from (A-5) ,  since 

Hence 

(A-9) 

(A-10) 

. . . . - . - . . . , . . . - __ . .__ ..,-. .- ...- .. ...... . - . . . . . 
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\ 

Sumiing (A-7) over a11 i;the fo l~owing result; is obtained. 
1 

, . TrPQe 
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Surnhg (8-7) over all %;the following resulr i s  obtsained, 

. = TrPQe (because of A-8; 
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APPENDIX '63 

Derivation of Equacion (28) 

.. . , By de f in i t i on ,  

The operat ion of Podog 

Therefore 

is  easy leaving $uhf unchanged. 

Observing t h a t  each molecular o r b i t a l  i n  quhf is  e i t h e r  xi 
o r  qi depending on whether the sp in  of the e lec t ron  i s  o f  

a - or of p - spin,  respec t ive ly ,  t he  whole set of molecular 

o r b i t a l s  can be conveniently denoted by 4 ; .  

Then I 

Consider the  case t h a t  t he  1" - e lec t ron  has  the  o r b i t a l  qi 

and that the  k - e lec t ron  has t h e  o r b i t a l  xi;" It i s  con- 

venient  to denote t h i s  p a r t i c u l a r  componenr of (ruhf by 
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= -xi*( 1 ') vi( l ) T i e  

the 1.' - Next, for components of qUhf o ther  than $uhf , 
electron has the o r b i t a l  q, with t f i. There should be some 

I * 

(A- IS) 

(A- 16) 

electron, say, the m-electron, having an orbicr:l .-*: and some 

other electron, say, the k-electron having an orbital xi, 
It i s  again convenient t o  denote one of this kind components 

A 

(A- 17) 

(A- 18) 
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(A-19) 

(A-20) 

NOW, 

rii " I 003 = L fii 1003' + CJiil * - .  OO]IIB ~ # i  

Q.E.D. 

From (A 13), 

(A-22) 
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46 

(A-23) 

From (A - 18), 

or 

Therefore, 

( A - 2 4 )  

Now, 

(A-25) 
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APPENDIX C 

L i s t  OE the Spin Calculation Programs 

9 .  . '. 
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.. . '. 
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6 C O N T I N U E  
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S S A A = S N / S n  

W R I T E  ( 6 9  502 1 S S A A  

502 F O R M A T (  30H E X P E C T A T I O N  VALUE, OF S**2= rF10.5) 

CALL E X I T  
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

ESR Spectrum of Nitrobenzene Anion Radical 

ESR Spectrum of  2-chloronitrobenzene Anion Radical 

ESR Spectrum of 3-chloronitrobenzene Anion Radical 

ESR Spectrum of  4-chloronitrobenzene Anion Radical 

ESR Spectrum o& 4-bromonitrobenzene Anion Radical 

ESR Spectrum of  3,4-dichloronitrobenzene Anion 
Radical 

ESR Spectrum of 3 , 5-dibromonitrobenzene Anion 
Radical 

ESR Spectrum o f  2-chloro- 5-bromonit robenzene 
Anion Radical 


